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=
∫ ∞
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∫ ∞
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es}¬om»µ{$np
tdvxcEedy{n})p}z¨ybw^p}`be4vxcz£y{yBpz£cxwxe¼cvp}z¨vy ?ex¯ w{¯£´ }ed{reMnqesyp}esÂ¬omy?)§ybe¼cvp}z¨vy c.v44es¦A
­`{z£t$`tdxy¬;eu«;nq«{x¦¨¦£m3nrnr«bcesprv¬;eu}ed¦©)p}esprvp}`beutdxced$cvxprz£vxy5¯+_G`bedy0´z¨p tdxy¬;eutsy{tded¦£¦¨eM
¬omtdvxy{nrz©4ed}z¨y{w p}`be
DFD
¥x¦¨«{esn ? z©nqb¦©xtdesDÀb$ce ¤z¨¿Ted}edy{tde A.z£y{np}esvx~¤pr`{e
FD
¥)¦£«besns¯
f vy{tesry{z¨ybw3pr`{e*pr`b}esnr`bvx¦©¾´4­®e*«{nqeM
γ = 80
­`bz©t$`}esnr«b¦¨p}nGz£y»3`{z¨w`b¦¨mnqes¦¨eMtÄp}z¨¥eb}v4teMnrns¯
_G`be
tÄp}«{¦5nred¦£estprz£vxy'vx~p}`be*;vz¨yBp$nz£nt$`bz£ed¥xeMªz£y»3wreses4m~nq`{z¨vy5´4­`bed}e*­ enr«{tdtdesn}nqz£¥xes¦¨m
nred¦£estp
pr`{e'Evxz£yp.­z|p}`¹c 4z£cx¦ tdrz¨presrz£vxyº¥)¦£«bex¯V_0v ¥vxz©Vpr`{p.¦£¦XEvxz£yBp}n3}e'nqes¦¨eMtÄp}es^~¶}vxc
x¬;v«4p
p}`be'n}ceªEvnrz|p}z¨vy{nd´+y;º`bedy{tdex´prvesy{nr«breªpr`{p
pr`besm^xreªnr«4§ªtz£edyBp}¦¨mºnq{reMx^v)¥xespr`be
­`{vx¦£e¤¥oz£bedvnqeswxcedyBps´o­®eJnr«{tstesn}nrz¨¥ed¦£m3cxnr³.pr`benr«b}rv«by{4z£ybw
vx~0ed¥ed}mnred¦£estpreMªz£yp}ed}esnqp®Evxz£yBps¯
tstv}4z£ybw¦¨m´xp}`bet}z|p}ed}z¨vy
A(p, t)
z©nGe 4b¦£z£tdz|p}¦¨mcv44z¨µ{es)~ÁpresGesxt$`nqes¦¨eMtÄp}z¨vy'z£y'p}`benqesy{nqepr`;)p
x¦¨¦
FD
¥x¦¨«{esnz¨yºªybesz¨w`o¬;v«br`{vBv4 F ′ v~Ip}`benqes¦¨eMtÄp}esz£yBpresreMnpJ;vz¨yBp}e3nrepJprv²ded}v{¯ÃyVvx«be 4;esrz£cedyBp}ns´4pr`{z£ncnq³ F ′ `;xnG¬Eededyt$`{vnredy¼nq«{t$`p}`{)pp}`be¬b¦£vot$³4n B ­`{z£t$`»}e*z¨yBp}rv44«{tdesz£ynr«b¬{nrestprz£vxy < ¯ < 4vybvpv)¥xesr¦©0¯
_G`benqes¦¨eMtÄprz£vxy½{rv4teMnrn
z£n
nqprvbEes¹n
nqvovyºn*pr`{et}z¨pred}z£vxyº¥)¦£«be~¦£¦©n¬;es¦¨v)­ ¼p}`b}esnr`bvx¦©
}ed¦©)p}z¨¥e*prv'pr`be.z¨y{z|p}z£x¦tdrz¨presrz£vxy»c 4z£c«bc¼´EzO¯ ex¯£´
β max(p,t) A(p, t)
´¾­`bz£¦£e­®e
«{nres
β = 0.01
z£y
p}`bee 4Eed}z¨cesyp$nd¯
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Nodding
 0
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Drinking
Àz£wx«b}e   B Ã¦¨¦£«{nqpr$)p}z¨vy v~
p}`be^;vz¨yBp»t¦£vx«{bn ?¶{rvxestÄp}z¨vy vxyBp}v¹pr`{e opq±9b¦©ybeHA~¶v'p}`be^td¦£nrnresn  ybv4b4z£ybw ?¦¨ed~Áp0A3y{   4}z£yb³oz¨ybw ?¶}z¨w`pAÄ¯ÃyDtdnqeªvx~   brz£yb³oz¨y{wÄ´0p}`benr«b¬4eMtÄpwx$¬{n*p}`be'w¦£nrn
vx~J­G)p}edM´4rz£yb³4nªxy{Db«4p}n'z|p¬{xt$³Â­`bz£t$` }esnr«b¦¨p}nz£y pr`beVnq`bv)­y ¦£e~Ápr±=}z¨w`Bpq±9¦¨ed~Ápª{)prpred}y5¯j¤n
  ybv4b4z£ybwJz©n«{np¤.}vp$)prz£vxyv~pr`be`{esx5´{nq«;t$`.{pqpresry¼tdxybybvxpG¬Eevx¬;nqesr¥es¾¯
   "A!<) $ 7 " !, 
<5 7 "/*!#$A 7@5
_vt$`{x}tÄpresrz£²de.cvp}z¨vy¹tvxyBp}edyBp
z¨y½¥oz©4edv;´z¨p3nredescn
y{)p}«b}x¦¨¦£mp}vnqvced`bv)­ 4esn}t}z£¬;ep}`bepr$)±
eMtÄp}vx}m¹v~pr`be»cv)¥oz¨y{wVv¬4estp}nz£yÂp}`be»z£cxwxe»nres¸B«bedy;tex¯ B¤v)­ es¥xedM´[p}`be»4ep}estÄp}z¨vy v~v¬4estp}n
xy{esnqprz£cprz£vxy¼v~pr`{edz£Gpr$)estprvrz£esn®z©nu.ybvxypr}z£¥Bz©¦¾{rv¬b¦¨esc¼¯Buedy;tex´{­ e«{nrec«{t$`¼nrz¨cb¦£ed
besn}t}z¨4p}vxJ­`bz©t$` p}rz£esnJp}v¼ts4p}«b}ep}`benq{prz£v±=presc.Evx$¦+es¥xvx¦£«4p}z¨vy v~ pr`bez£yBpred}esnqp;vz¨yBp$nd¯.°Ve
tdvxy{nrz©4edp}`be < (Evxz£yBp3t¦£vx«; ?nredeÀz£w{¯   Awxesybed$)p}es^¬om p}`benred¦£estpreMºz¨yBpresreMnp3;vz¨yBp}n3z£y½pr`be
¥vx¦£«bceJ~¶vx}c.eM¬Bmªpr`bez£cwxe
nres¸B«besy{te¯Xkoz£y{te­®e}eJy{vpuz£yp}ed}esnqpreMz£ypr`be
x¬{nrvx¦£«4pre*Evnrz|p}z¨vy
vx~Gpr`bec.v)¥oz£ybw»vx¬bestÄp$n ?Oxn
­®e'4v ybvpxn}nq«bcep}`be'¥oz©4edv nredwcedyBp}n
prv¬Eex¦¨z£wxybeMAÄ´¬b«4p.vxyb¦£m
pp}`bedz£
nr{)p}z¨vx±Op}edc;v}x¦es¥xv¦¨«4p}z¨vy5´¾­®e3­z£¦¨¦[}e~¶esJpr`becesnq«{resc.esyBp}nres¦£prz£¥¼prvpr`betdedyBpresJvx~
w}¥oz¨pmv~pr`beMnqe*Evxz£yp$nd¯
_vÂ4eMnrtdrz£¬Eepr`{eVEvxz£yBpt¦£vx«;¾´¤­®e tvy{nrz£4es'~¶v'eMxt$` z£yBpred}esnqpEvxz£yBp
pi = (xi, yi, ti)
pr`be
~¶v¦¨¦£v)­z£ybw3ceMxnr«brescedyBp
ν(pi) = (xi − x̄)g(yi − ȳ)h(ti − t̄)l
?qx A
vx~Ivx$4ed
o = g + h + l
´T­`besre?
x̄, ȳ, t̄
A¤z©n¤p}`betedyBp}ed¤vx~Xwx$¥oz|pmv~ x¦¨¦z£yp}ed}esnqpEvxz£yBp}ns¯'B¤edy{tdex´
­®etsytdx¦£td«b¦©)pre
~¶es)p}«b}e
¥xeMtÄprv~¶vx¤esxt$`»z£yBpresreMnp¤Evxz£yBp
pi
­`bed}ep}`be4z¨¿EesresyBpJtvc;vybedyBp}n
v4eMnrtdrz£4prv}ntdvx}reMnqEvxy;p}v 4z¨¿Eesresyp.tvxc3¬bz£y{)p}z¨vy{nv~
g, h
xy{
l
¯Ãy½vx«be 4;esrz£cedyBp}ns´­ e
tdvxy{nrz©4edtvc¬bz£y{prz£vxy{nG­z¨pr`
o = 1 . . . 6
¯
  ¥edy»p}`bvx«{wx`¼pr`{esnrecesnq«b}edcesyp$n­®ed}ez¨y{nrbz£reM¼~¶}vxc pr`be.td¦©t«{¦£prz£vxy¼v~Icvxcesyp$nd´{pr`besrexreInrvxceXnr«b¬4p}¦¨e®4z¨¿Eesresy{teMnd¯9~b­ eI­®vx«{¦£tdvxc{}e[¥oz£bedv¤nredwc.esyBp}n5«;nqz£ybwucvxcesyp$nd´z=¯ e¯5p}`be nr«bc
vx~5pr`{e*tdvxcb«4p}es'¥x¦¨«{esns´B­®eJ­ v«b¦£'r«{y'z£yp}vp}`be*b}vx¬b¦£edc pr`;)pGpr`beJ¥)}z£prz£vxyv~5p}`beJbz|¿Ted}edy{tdesn
vx~[c.vcedyBp}nv~I4z¨¿EesresyBpvx$4es}nuxreybvpJes¸B«{¦=´{­`{z£t$`cx³xesnupr`be.4eµ;ybz|p}z¨vyv~Ixy b{rvbrz©)p}e
bz£nqp}xy{tec.eMxnr«b}eub}vx¬b¦£edc)p}z£tx¯[_G`bz£n `bv)­®ed¥edXz©n®t}«{tz©¦;~¶vx pr`be*t¦©xn}nXbedEedy{4esyBp®­®edz£wx`Bprz£ybw;¯+
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nrestdvxy{V4z¨¿Eesresy{te.z£np}`{)p*pr`{eµ{$nqp*v}bedJ¬{}m4tedyBp}rz©tcvxcedyBp$nJxre¦£­Gmon¤²desrv¬om4eµ{y{z|p}z¨vy
xy{4v
ybvxpImoz¨es¦£xyBm3z¨yb~¶vx}cprz£vxy5¯ÃyªtvyBpr$xnqps´)p}`beµ{$npIv}bedIcesnq«{resc.esyBp+­®e¤tdvxy{nrz£bed[`{¥e
nr`bv)­y«bprv¬Ee
4z£n}t}z£c.z£y{prz£¥xe!?¶¬om'¦£vovx³oz¨y{wpGpr`be­®edz£wx`Bprz£ybwBnA¯
   7,$A 7@5 
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 5  7 "/*!#$ 7@5
_G`{ecvp}z¨vy z£yp}edy{nrz¨pm ?¥xes¦¨v4tz¨pm,Az©n*ybvxpr`bes¤z£c.Evxrp}xyBpJnrvx«b$te3v~Iz£y4~¶vx}c)prz£vxyprvt$`;$xtÄp}ed}z¨²se
cvxprz£vxyes¥xedyBp$nd¯9~X­®etvxy;nqz©4ed~¶vxJe bxc.{¦¨eª­G¦£³oz¨ybwy{V'}«byby{z¨ybw;es}nrvxy0´;p}`be.pr$)eMtÄprvrm
besn}t}z¨4p}vxXtdvx«b¦©b}vx¬{x¬b¦£mybvxpX¬;e¥xesrm.4z|¿Ted}edyBpM´­`besreMxnI
¥xed¦£v4tz¨pmB±=}ed¦©)p}es.4esn}t}z¨bprvx nq`bv«b¦©
¬Eex¯ °^e^`{¥xe bbpres pr`beºn}tedy{e cvp}z¨vy t$`{x}tÄpresrz£²sprz£vxy z£yp}rv44«;tes ¬Bm D 
G*prvDvx«{¦£v4td¦
xbb}vt$`5¯_G`beJ`bz©np}vxw}xc·vx~5pr`be*tvy{nrz£4esreM¦£v)­G±=¦£ed¥ed¦{cvxprz£vxy~¶eM)pr«{reMnXz©n®ybv¦£vxybwedGtvc.{«4preM
v)¥edXpr`be*­`bv¦¨eJ¥oz£4esv.nredwcedyBps´4¬b«bpGz£y.¬b¦£v4t$³ Bi vx~nrz¨²se 32× 32× 5 nq«b}}vx«by{bz¨ybwpr`beJz£yp}ed}esnqpEvxz£yBp
pi
´b­`bed}eJpr`be
tdvxy{nrz©4ed}es'c.vxprz£vxy~¶espr«b}ez£n®p}`be
¥xes}xwxeMybvx}c¦{v)­ cxwxybz¨pr«;4e
v̄(p, t) =
∑
q∈W(p) ‖∇I(q, t)‖2 · |vn(q, t)|
max
(
|W|η2, ∑q∈W(p) ‖∇I(q, t)‖2
) ?qM A
­`{ed}e W z£n® 3× 3 ybesz¨w`B¬Evx«{r`bvov4­z£y{4v)­´ η2 z©n®
ybvz£nre¤}ed¦©)p}es.pr`{reMnq`bv¦£'y{ vn = −∂I/∂t||∇I||
¯
¤wxz¨y5´B­®eJtdvx«b¦©ªxtstvc.v4bpre¤tsced$cvp}z¨vy5´oz|~yomx´o¬omtvxy;nqz©4ed}z£ybwpr`{e}esnrz£b«{¦Eybvx}c¦{v)­
cxwxybz¨pr«{bex¯
n*brv;vBnqeMz£yID 
G9´¾p}`bz£nbz£nqpr}z¨¬{«4prz£vxyVz£n*cv44ed¦£esV­z¨pr`ºczopr«b}e4z£nqpr}z£¬b«4prz£vxyVv~Gz¨$xt
{«b¦£nre3p¤²desrvE?tvr}esnrEvxy{4z£ybwp}vªpr`{e3nrmBc3¬;v¦¨z©t
nqp}pre   ybvªcvxprz£vxy y;'tdvxyBprz£yo«bvx«{nu{rp}ed4±
}esnredyBp}z¨ybwªpr`be3reM¦0cvxprz£vxy¥)¦£«beMnd¯uÃyVtvxyBp}}npup}v D HG9´;p}`betvxyBp}z¨yo«bv«{n{xqpJz£ncvobed¦£es»­z¨pr` 
¦£vxwx±=y{vx}cx¦44z£nqpr}z£¬b«4prz£vxy0´¬Eests«{nreGpr`besre­`{ed}evx¬{nred}¥))prz£vxy;n+­`bed}eGpr`be¤²ded}v±ÃtesyBpred}esh*«;nrnrz£xy
}esnqpr}z©tÄpreMprv
(0,∞) ­GxnIy{v3¦£vxybwed®nq«bz¨p}x¬b¦£e?OnqeseÀz¨w;¯I A¯9ptdxyª¬Eee o{¦£xz¨ybeMª¬om.pr`be~xtp p}`{)pp}`be¬b¦£v4t$³onGxre*b¦©xtdesvxy¼reswxz£vxy{n®­z¨pr`¼$)pr`{edG`bz£wx`¼cvprz£vxy¼xtprz£¥oz|pm¯°^ewxedp
P [v|Bi] = λδ0(v) +
1 − λ
v
√
2πσ
e
− 12
„
log v
m
σ
«2

(v>0)
?q < A
_G`{eJc oz£c«{c(¦£z¨³ed¦£z¨`bvov4esnqprz£cprz£vxyv~pr`be;$cep}ed$nXz©n
λ̂ =
1
M
∑
v∈B

(v≤ε)
?q   A
m̂ = exp(µ̂)
­z|p}`
µ̂ =
1
M̄
∑
v∈B,v>ε
log v
? A
σ̂2 =

 1
M̄
∑
v∈B,v>ε
log2 v

 − µ̂2 ?qsA
­`{ed}e
M
z©npr`be.prvxp}x¦yo«bc3¬;es*v~ n}cb¦£esnJz£ypr`{e.¬{¦¨v4t$³ Bi y{ M̄ z£np}`beyB«{c¬EedJv~®n}cb¦£esn­z¨pr`
v > ε = 0.1
¯
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 
	



 ! "#$%"'&()"+*,
-."/$0
"1-.	23
"# 0*4)6578-4)653	
49:#"#"; 
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 0  2  4  6  8  10  12  14
P
(v
re
s)
vres
the three typical types of distributions of vres
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Àz£wx«b}e B k4vxce®pmB{z£ts¦4e bxc.{¦¨eMn+v~;v4tst«b}resy{teG4z©np}rz£¬b«4p}z¨vy{n P [v̄|B] v¬4p}xz¨ybeM
~¶}vxc pr`beGp}esnqpres¥oz©4edvbp}x¬{xnresns¯
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